Since Faraday's pioneering work on gold colloids, tremendous scientific research on plasmonic gold nanoparticles has been carried out, but no atomically precise Au nanocrystals have been achieved. This work reports the first example of gold nanocrystal molecules. Mass spectrometry analysis has determined its formula to be Au 333 ðSRÞ 79 (R ¼ CH 2 CH 2 Ph). This magic sized nanocrystal molecule exhibits fcc-crystallinity and surface plasmon resonance at approximately 520 nm, hence, a metallic nanomolecule. Simulations have revealed that atomic shell closing largely contributes to the particular robustness of Au 333 ðSRÞ 79 , albeit the number of free electrons (i.e., 333 − 79 ¼ 254) is also consistent with electron shell closing based on calculations using a confined free electron model. Guided by the atomic shell closing growth mode, we have also found the next larger size of extraordinarily stability to be Au ∼530 ðSRÞ ∼100 after a size-focusing selection-which selects the robust size available in the starting polydisperse nanoparticles. This work clearly demonstrates that atomically precise nanocrystal molecules are achievable and that the factor of atomic shell closing contributes to their extraordinary stability compared to other sizes. Overall, this work opens up new opportunities for investigating many fundamental issues of nanocrystals, such as the formation of metallic state, and will have potential impact on condensed matter physics, nanochemistry, and catalysis as well.
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atomic precision | face-centered cubic | nanomolecule | plasmonic excitation N oble metal nanocrystals have attracted significant interest in both fundamental research and technological applications due primarily to their elegant surface plasmon resonance properties (1) (2) (3) (4) (5) (6) . Scientific studies on gold nanocrystals date back to Faraday's time in the nineteenth century (7) . A classic procedure for the synthesis of gold nanocrystals is the citrate method, which produces quite uniform approximately 10-100 nm diameter nanocrystals with size tunable by controlling the ratio of sodium citrate to gold precursor (8, 9) . Compared to the citrate-stabilized Au nanocrystals, thiolate-protected Au nanoparticles are more robust due to strong Au-SR bonds and have found important applications in biomedicine and many other fields (10) (11) (12) (13) (14) (15) (16) (17) (18) . From the synthetic point of view, in all the previous synthetic works the obtained Au nanocrystals are more or less polydispersed, even the best quality Au nanocrystals achievable thus far-which still has a size dispersity of around 5-10%. Thus, it has long been a dream of nano-chemists to synthesize atomically precise, plasmonic nanocrystals for fundamental studies. Herein, we report the first example of atomically precise gold nanocrystals. Mass spectrometric analyses, in conjunction with other characterization, have determined its molecular formula to be Au 333 ðSRÞ 79 (where SR ¼ SCH 2 CH 2 Ph). This giant gold nanomolecule exhibits face-centered cubic (fcc) structure and surface plasmon resonance at approximately 520 nm in the optical spectrum.
Results and Discussions
Synthesis and Characterization of Atomically Precise Au 333 ðSRÞ 79 Nanocrystals. The Au 333 ðSRÞ 79 nanocrystals were prepared via two primary steps (for details see Methods section). In the first step, polydisperse Au nanoparticles were synthesized by a modified Brust method (10, 19) . Briefly, HAuCl 4 was phasetransferred from an aqueous solution to the toluene phase with the aid of a phase transfer agent (tetraoctylammonium bromide, TOAB). Phenylethylthiol (PhCH 2 CH 2 SH, molar ratio Au∶S ¼ 1∶2.0) was then added to the solution under vigorous magnetic stirring at room temperature. The solution gradually turned from deep red to yellow and finally to almost clear over approximately 15 min. An aqueous NaBH 4 solution (molar ratio NaBH 4 ∶Au ¼ 10∶1) was rapidly added to the reaction mixture all at once. The reaction was allowed to proceed for approximately 12 h at room temperature. Then, the toluene phase (containing Au nanoparticles) was collected and dried by rotary evaporation. Acetone was added to separate Au nanoparticles from TOAB and other by-products. In the second step, the polydisperse Au nanoparticles from the first step were subject to size-focusing, which is critical to achieve molecular purity. To do so, the nanoparticles were dissolved in mixed toluene∕PhCH 2 CH 2 SH (1∶1; v∕v), and the solution was heated to 90°C and maintained at this temperature for approximately 12 h. During this process, those less stable nanoparticles were crashed or converted to the most stable size. Finally, the survived Au nanoparticles were washed with ethanol and then with acetone to remove excess thiol and some small Au clusters, followed by extraction with a mixed solvent of toluene/acetonitrile (1∶1; v∕v).
The purity of the as-prepared Au nanoparticles was first checked by laser desorption ionization (LDI) and matrix-assisted laser desorption ionization (MALDI) mass spectrometric analyses. As shown in Fig. 1A , the LDI mass spectrum shows a series of peaks with equal spacing of 67.3 kDa (k ¼ 1;000). The first peak is at 67.3 kDa (singly charged, Fig. 1B ), which is from the nanoparticle core (in the ionized form, Au x S − y ). The peaks at 134, 201, 267, and 334 kDa (all singly charged) are corresponding to the dimer, trimer, tetramer, and pentamer ions of the 67.3 kDa primary ion, respectively; note that these oligomers are formed in gas phase during the LDI process, rather than being present in the original product. No other peaks are observed in the wide range from 500 to 500,000 Da (see Fig. S1 ), indicating that the as-prepared product consists of a single species with a core mass of 67.3 kDa.
We have further performed MALDI-MS analysis using trans-2-[3-(4-tertbutylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) as a matrix (20) . A dominant peak at 75.3 kDa was found (Fig. 1C) , which is higher in mass than the LDI-determined 67.3 kDa, implying that ligand loss occurred in the LDI process, which is due primarily to the breaking of S-C bonds and loss of CH 2 CH 2 Ph fragments. We observed that the gas-phase dimer, trimer, tetramer, and pentamer peaks in the MALDI process are significantly smaller than in the LDI process ( This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: rongchao@andrew.cmu.edu.
This article contains supporting information online at www.pnas.org/lookup/suppl/ doi:10.1073/pnas.1115307109/-/DCSupplemental. C). Thus, DCTB matrix can largely suppress the loss of ligands (CH 2 CH 2 Ph) from the ionized nanoparticle as well as gas-phase oligomerization. However, one should be cautious in concluding that the MALDI-determined 75.3 kDa is the total mass of the intact molecular ion of the nanoparticle, as MALDI may still be somewhat destructive; further verification is needed, especially in determining the exact mass of the nanopoarticle for formula assignment. Nevertheless, the above wide-range LDI and MALDI mass spectra clearly demonstrate that the as-synthesized nanoparticles are highly uniform.
To determine the exact molecular mass of the nanoparticle, we have performed electrospray ionization (ESI) mass spectrometry analysis. ESI-MS is a much softer ionization technique compared to LDI and MALDI methods. To promote nanoparticle ionization, CsOAc was added to the 75.3 kDa nanoparticle solution. In the ESI process, Cs þ ions can form MCs x adducts (x ¼ 1, 2, 3, etc.), where M represents the nanoparticle. As shown in Fig. 2 , two sets of nanoparticle ion peaks centered at m∕z 19,175 and 25,524, respectively, are observed in the ESI-MS spectrum of the nanoparticle. The zoom-in spectrum of the m∕z 19,175 set shows a peak spacing of 33 ( Fig. 2, Inset) , which corresponds to 1∕4 of the atomic mass of Cs þ , thus, this set of peaks consists of 4þ charged MCs x adducts. Similarly, the m∕z 25,524 set consists of 3þ ions (peak spacing 44 ¼ 1∕3m Cs ).
We choose the 4þ ion set for a detailed analysis to determine the exact molecular mass of the nanoparticle. This set comprises peaks at m∕z 19,107.0, 19,143.0, 19,175.0, 19,208.2, and 19,241.0 (Fig. 2, Inset) , which are assigned as ½MCs x 4þ adducts (x ¼ 0 to 4). It is worth noting that the nanoparticle charge number does not necessarily correlate to the number of Cs þ added to the nanoparticle, as the nanoparticle core may undergo ionization in the presence of Cs þ . The first peak (i.e., the lowest m∕z∼ 19;107, weak) is due to induced ionization of the neutral nanoparticle in the presence of Cs þ . Of note, the possibility of m∕z ∼ 19;107 being the monoadduct ½MCs 1 4þ is ruled out (see the note to Table S1 ). To improve the accuracy of data analysis, we took the five (m∕z) peak values and performed a linear regression, y ¼ a þ bx, where, x refers to the number of attached Cs þ in the adduct (see Fig. S2 ). This gives rise to y ¼ 76;432.8 þ 133.3x with an excellent regression coefficient R 2 ¼ 0.99953. The slope of 133.3 corresponds to the atomic mass of Cs þ (standard value: 133). The intercept, 76,432.8 (standard deviation σ ¼ AE3.5), is the precise molecular mass of the nanoparticle, which is slightly higher than the MALDI-determined 75.3 kDa, note that ESI is more accurate than MALDI.
With the precise molecular mass determined, we subsequently deduce the nanoparticle formula by finding the mass-matched Au n ðSCH 2 CH 2 PhÞ m formula (where n and m are the respective number of gold atoms and ligands). The high molecular mass may give rise to many ðn;mÞ combinations and the deduction would be nontrivial and time-consuming. Herein, an easier way is to determine the gold-to-thiolate ratio, which will largely narrow down the ðn;mÞ range; then, one can compare each candidate formula with the precise molecular mass determined by ESI-MS to find the closest match. To determine the Au∕SR ratio, we performed thermogravimetric analysis (TGA). In TGA analysis, the thiolated nanoparticles lose thiolates at approximately 200°C; the thiolates form disulfide and vaporizes. TGA analysis shows a weight loss of 14.5%, (Fig. 3) , hence, the Au∕SR ratio is 1∕0.24. Accordingly, the rough values of ðn;mÞ are n ∼ 332 and m ∼ 80. Next, we expand the range of n to search for the matched formula (see Table S1 ), which finally gives rise to Au 333 ðSRÞ 79 (theoretical mass: 76,430.3), matching closely with the ESI-MS determined value (76,432.8). A deviation of 2.5 Da is reasonable at this high mass. All other ðn;mÞ combinations have larger deviations (>15 Da) and hence are ruled out. It should be stressed that our determination of the Au 333 ðSRÞ 79 formula is based upon the precise ESI-MS result, rather than the TGA result; the latter only helps narrow down the search range of the ðn;mÞ ratio.
This giant Au 333 ðSRÞ 79 nanocrystal molecule exhibits some interesting properties. The optical absorption spectrum shows a surface plasmon resonance (SPR) band at 520 nm (Fig. 4A) , which indicates that this size is already in the metallic size regime; note that we take the SPR band as an indication or signature of metallic state. The plasmonic property of Au 333 ðSRÞ 79 is in striking contrast with the smaller Au n ðSRÞ m nanoclusters (n ¼ 25, 38, 102, 144) reported previously that are semiconducting and no SPR band is observed in the nanoclusters, instead, they show step-like multiple bands in their optical spectra (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) .
With respect to the structure of the Au 333 ðSRÞ 79 nanoparticle, powder XRD analysis shows that fcc structure is adopted in this nanoparticle (Fig. 4B) , evidenced by the close match of all the diffraction peaks with the standard fcc pattern (see the red stick pattern in Fig. 4B ). Transmission electron microscopy (TEM) analysis shows monodisperse (diameter: 2.2 nm) nanoparticles (Fig. 4C) , and fcc lattice fringes can be clearly observed (Fig. 4D) . Thus, both XRD and high-resolution TEM confirm the fcc structure of the Au 333 ðSRÞ 79 nanoparticle; note that powder XRD and TEM studies cannot reveal the total atomic structure of the Au 333 ðSRÞ 79 nanocrystal molecule. We hope to determine the total structure of Au 333 ðSRÞ 79 in future efforts. (33, 34) . Herein, we take a free electron model of the nanoparticle (radius a) by ignoring the electron-electron and electron-Au þ ion interactions and solve the Schrödinger equation in a spherically symmetric potential (V ¼ 0 for r < a and V ¼ ∞, r > a) in the spherical coordinates ðr;θ;φÞ:
Angular equation:
The energy eigenvalues are
The term α n;l represents the nth zero of the lth spherical Bessel function of the first kind j lþ1∕2 ðβrÞ with β ¼ ffiffiffiffiffiffiffiffiffiffiffi ffi 2m e E p ∕ℏ. Table S2 lists the nth zeros of the lth Bessel functions. With these α n;l values, we then construct the electron energy levels; for convenience, we label such energy levels with ðn þ 1;lÞ using atomic-like notations, such as 1s, 1p, 1d, etc. The symbols are as follows, Orbital quantum number (l): 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 … Atomic-like notation: s, p, d, f , g, h, i, j, k, l, m, n … We consider Au(6s) electrons as free electrons (i.e. detached from Au atoms) and assume each thiolate localizes one electron, i.e. 333 − 79 ¼ 254e for Au 333 ðSRÞ 79 . The 254 free valence electrons indeed point to electron shell closing, i.e. 1s 2 1p 6 1d 10 2s 2  1f  14 2p  6 1g  18 2d  10 1h  22 3s  2 2f  14 1i  26 3p  6 1j  30 2g  18 3d  10 4s  2 1k  34 2h 22 (with the next empty orbital 3f ). Thus, the particular stability of Au 333 ðSRÞ 79 molecules may, in part, arise from electron shell closing. It is noteworthy that the electron shell closing number of 254 was previously discussed in the research work on gas-phase aluminum clusters (35) . Next, we construct an atomic model of the Au 333 ðSRÞ 79 nanocrystal molecule. Previous work has revealed the crystallographic structures of Au 102 ðSRÞ 44 , Au 38 ðSRÞ 24 , and Au 25 ðSRÞ 18 , in which SR-Au-SR and SR-Au-SR-Au-SR "staple" motifs were found (23) (24) (25) (26) . By adopting such surface binding motifs, a candidate structural model of Au 333 ðSRÞ 79 is composed of a Au 293 core with a surface protecting shell of Au 40 ðSRÞ 79 . Simulations indeed reveal that the fcc-crystalline Au 293 core consists of a magic-numbered, cuboctahedral Au 147 kernel enclosed in a cage of Au 146 (Scheme 1). Note that the cuboctahedral structure is identical to the fcc structure. Thus, the particular stability of Au 333 ðSRÞ 79 also points to atomic shell closing. Previous work by Schmid et al. discussed that atomic shell closing gives rise to discrete sizes of 13, 55, 147, 309, 561, etc. (15) . Among them, the small discrepancy between n ¼ 309 and the Au 293 core or the Au 333 ðSRÞ 79 entity should be caused by the special bonding requirements of surface thiolates.
The above electron and atomic shell closing arguments have interpreted the peculiar stability of the Au 333 ðSRÞ 79 nanomolecule. We believe that the atomic shell closing plays a more significant role than electron shell closing, since the electron energy level spacing in Au 333 ðSRÞ 79 is small and surface plasmon excitation can occur. Guided by the atomic shell closing growth mode, one predicts that the next particularly stable size would be around Au 561 (i.e., five shell closing). In consideration of the special bonding requirements of thiolates, the exact atomic number may have a small discrepancy. Significantly, our synthetic search indeed shows that the next robust size is Au ∼530 ðSRÞ ∼100 ; no intermediate sizes of extraordinary stability between Au 333 ðSRÞ 79 and Au ∼530 ðSRÞ ∼100 were found. While this huge molecule is still not amenable to ESI-MS analysis at this point, LDI and MALDI mass spectrometry analyses show that the core mass is approximately 108.5 kDa and the MALDI-determined mass is approximately 118 kDa (Fig. 5 ), corresponding to a formula of Au ∼530 ðSRÞ ∼100 (both the gold atom and ligand numbers may be deviated by AE5). This result strongly indicates that atomic shell closing contribute, to a large extent, to the stability of fcc-structured, magic-sized Au nanocrystal molecules.
Conclusions
In summary, we have prepared an atomically precise, nanocrystalline Au 333 ðSCH 2 CH 2 PhÞ 79 molecule. The extraordinary stability of size-discrete plasmonic nanocrystal molecules is found to be largely contributed by atomic shell closing. This work opens up new opportunities for investigating many fundamentally important issues of nanocrystals, such as the semiconducting to metallic state transition and the structural transition and their correlations. The future pursuit of atomically precise nanocrystals is expected to significantly advance the understanding of the fundamental science of metal nanoparticles and will potentially impact condensed matter physics, nanochemistry, and catalysis. 138 g, 0. 35 mmol) was dissolved in 5 mL nanopure water, and TOAB (0.222 g, 0.406 mmol) was dissolved in 10 mL toluene. The two solutions were combined in a 50 mL flask and the mixture was vigorously stirred until Au(III) was completely transferred from aqueous solution to toluene. The clear aqueous phase was removed by using a 10 mL syringe. Then, PhCH 2 CH 2 SH (0.097 mL, molar ratio Au∶S ¼ 1∶2.0) was added while the reaction mixture was under vigorous magnetic stirring at room temperature. The deep red solution gradually turned yellow and finally nearly clear in about 15 min. After that, NaBH 4 (0.133 g, 3.5 mmol, dissolved in 6 mL cold Nanopure water) was rapidly added to the solution all at once. The color of solution immediately changed to black. The reaction was allowed to proceed for approximately 12 h. After approximately 12 h, the aqueous phase was discarded and the black toluene phase was dried by rotary evaporation. Acetone was used to separate the Au nanoparticles (polydisperse) from TOAB and other small Au clusters. In the second step, the as-prepared polydisperse Au nanoparticles were dissolved in 2 mL toluene and 2 mL PhCH 2 CH 2 SH. The solution was heated at 90°C for around 12 h. After that, the Au nanoparticles were thoroughly washed with acetone to remove the excess thiols and small Au clusters. Then, Au 333 ðSRÞ 79 were extracted with a mixed solvent of toluene/acetonitrile (1∶1; v∕v).
Characterizations. Matrix-assisted laser desorption ionization (MALDI) mass spectrometry was measured with a PerSeptiveBiosystems Voyager DE super-STR time-of-flight (TOF) mass spectrometer. Trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenyldidene] malononitrile (DCTB) was used as the matrix (20) . Typically, 1 mg matrix and 0.1 mg analyte stock solution were mixed in 100 μL of CH 2 Cl 2 . 10 μL solution was applied to the steel plate and then air-dried. Electrospray ionization (ESI) mass spectra were recorded using a Waters Q-TOF mass spectrometer equipped with Z-spray source. The source temperature was kept at 70°C. The sample was directly infused into the chamber at 5 μL∕ min. The spray voltage was kept at 2.20 kV and the cone voltage at 60 V. The ESI sample was dissolved in toluene (1 mg∕mL) and diluted (1∶2 v) by dry methanol (containing 50 mM CsOAc to enhance cluster ionization in ESI). UV-vis spectra of the Au clusters (dissolved in CH 2 Cl 2 ) were acquired on Hewlett-Packard (HP) Agilent 8453 diode array spectrophotometer at room temperature. Thermal gravimetric analysis (TGA) (typically approximately 2.5 mg sample used) was obtained on a TG/DAT6300 analyzer (Seiko Instruments, Inc) under a N 2 atmosphere (flow rate of approximately 50 mL∕ min).
